Porcine endocrine cells were isolated from pancreas of 6-month-old pigs by two-step enzymatic digestion procedures. They were separated by the density gradient (isopycnic) centrifugation method using Histopaque-1077. Isolated cells were cultured and divided into two groups: suspension cells and adhesion cells. Suspension cells maintained their cell numbers on and after 7 days in culture. Approximately 1 × 10 7 cells were obtained from single pancreas of a 6-month-old pig. The cultured suspension cells took up dithizone (DTZ) staining 14 days after isolation in culture and indicated the presence of β-cells. In in vitro study, the suspension cells were capable of secreting insulin into the culture medium. The suspension cells were tested for insulin and glucagon staining by Western blot analysis. These results indicated the maintenance of endocrine cell function after isolation. However, cultured adhesion cells failed to maintain their function during culture. In in vivo study, the suspension cells were transplanted into diabetes-induced nude mice. Reduction in blood glucose level was obtained after transplantation. Intraperitoneal glucose tolerance test (IPGTT) results showed a normal pattern of blood glucose clearance. After 1 week, the transplanted endocrine cells were detected with anti-insulin antibody by immunostaining and it showed the presence of viable β-cells under the renal capsule of nude mice. Collectively, our results suggest that isolated and cultured suspension porcine endocrine cells maintained their endocrine function. These endocrine cells can be used as isolated islets for further study, including transplantation experiments.
INTRODUCTION
by using a special enzyme solution and islet purification method by using COBE 2991 cell processor with dex-Recently, the developments of therapeutic strategies tran T 70 density gradient centrifugation method (3). for alternative to whole pancreas transplantation have However, it is difficult to isolate islets from young pigs been studied. One of them, islet transplantation, has (3, 5) . been an effective approach for treatment of insulin-de-On the other hand, Ohgawara et al. (9) established a pendent diabetes mellitus (DM). In the clinical trials the method for the isolation of porcine pancreatic endocrine serious shortage of the availability of human pancreatic cells. They used a nonenzymatic digestion step, a single tissue motivates a search for alternative donors, such as centrifugation step, and primary monolayer culture. pigs. The usage of pig pancreatic tissue appears to be a They also indicated that the porcine pancreatic endosuitable donor source for humans. In fact, porcine insucrine cells possess the potential for clinical application lin differs from human insulin in only one amino acid as bioartificial pancreas when encapsulated. To demon-(51 amino acids in mature insulin) and has been used in strate the usefulness of the porcine pancreatic endocrine the treatment of DM patients for a long time. Thus, cells as a source for alternative to whole pancreas transmany investigators have recently studied clinical appliplantation, this present study was undertaken. We invescation of porcine islet transplantation extensively (1, 10) . tigated the isolation method, culture, and functional In our laboratory, we have established the isolation method of porcine islets from adult pigs (2 years old) characteristics of the porcine pancreatic endocrine cells.
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HORI ET AL.
Here we report the modified isolation method and month-old pigs obtained from local slaughterhouse was immediately trimmed. Then, 100 ml of enzyme solution culture procedure of the pancreatic endocrine cells from the 6-month-old pig pancreas. This method is a combi-prepared from Hank's solution containing collagenase type S-1 (0.5 mg/ml), collagenase P (0.5 mg/ml), dis-nation of our adult porcine islet isolation procedure and endocrine cell isolation procedure as described by Oh-pase (1.0 mg/ml), DNase (0.01%), trypsin inhibitor (0.1%), and 2% BSA was injected into the pancreatic gawara et al. (9) . We also report their in vitro and in vivo functions.
duct that was cannulated with an IV catheter (ATOM; Tokyo, Japan). As soon as the injection was completed, MATERIALS AND METHODS the pancreas was transported to the laboratory (kept on Materials ice). After 1 h, the pancreas was kept off and we define the period as the first step digestion (cold digestion). The pancreata of pigs (about 6 months old) were ob-After "cold digestion," the partially distended pantained from a local slaughterhouse. Nude mice were purcreas was incubated in a water bath at 37°C for 20 min chased from Shimizu Animal Co., Ltd. (Kyoto, Japan).
without mechanical shaking and then for 10 min with Collagenase type S-1 and dispase were purchased from gently shaking. We define this incubation period as sec-Nitta Gelatin (Tokyo, Japan). Collagenase P and DNase ond step digestion (warm digestion). were purchased from Roche Diagnostics (Mannheim, Germany). Trypsin inhibitor from soybean (type II),
Fractionation and Culture of Endocrine Cell Histopaque-1077, bovine serum albumin (BSA), RPMI-
The digested pancreas was teased into small frag-1640, nicotinamide, and dithizone were purchased from ments with the aid of two fine forceps. Then the suspen-Sigma (St. Louis, MO). Cell culture technologies fetal sion was filtered through a stainless steel mesh (pore bovine sera (FBS) were purchased from Cansera Intersize 0.85 mm) and the filtrate was filled up to 150 ml national Inc. (Canada). Antibiotic-antimycotic, trypsinwith Hank's solution containing 2% BSA. Fifteen milli-EDTA, and trypan blue stain (0.4%) were purchased liters of digested pancreatic cell suspension was placed from Life Technologies (Grand Island, NY). Cell culture onto 10 ml of Histopaque-1077 (mixture of polysucrose materials were purchased from Sumitomo Bakelite Co., and sodium diatrizoate, density 1.077 ± 0.001) and frac-Ltd. (Tokyo, Japan) and Asahi Techno Glass (Chiba, Jationated by the density gradient (isopycnic) centrifugapan). Other materials were of the highest grade commertion method at 1800 rpm for 10 min at 4°C, as described cially available.
by Ohgawara et al. (9) . The cells and the cell clusters at Enzymatic Digestion of Pancreas each layer interface were collected and centrifuged for 5 min at 1500 rpm at room temperature. Then the cell The procedures followed were essentially as described previously by Gu et al. (3) . The pancreas of 6-pellet was resuspended in RPMI-1640 medium contain- ing 10% FBS, 10 mM nicotinamide, 5.5 mM glucose, flask and the adhesion group cells were reculture in the adhesion-treated flask. Further, on day 7, culture cells and 100 U/ml antibiotic-antimycotic. This procedure was repeated three times. Finally, the cell pellet was re-were divided into suspension cells and adhesion cells. They were utilized for dithizone staining, transplantation suspended in the 20 ml medium, and an aliquot of suspension was stained with dithizone (7) and the cell num-study, insulin secretion test, insulin content test, and hormone content estimation. Some of the suspension cells ber was counted after trypan blue staining.
The pancreatic endocrine cell-rich fraction was cul-were continuously cultured and harvested and recultured for 45 days after isolation. tured in 75 cm 2 suspension culture flask (<5 × 10 8 cells/ flask). One day after isolation (day 1), the suspension
In Vitro Assessment of Endocrine Cell Function cells were harvested and reculture in the same flask at <5 × 10 7 cells/flask. At this time, the adhesion cells were
The static incubation test and the insulin content test of cultured cells were performed on day 7, as described discarded (as fibroblast fraction). Then on day 4 the culture cells were divided into two groups: the suspension by Gu et al. (3). An aliquot of cultured media was collected at the time of reculture, and the concentration of cell group and the adhesion cell group. The suspension group cells were recultured in the same type of culture insulin released from cultured cells was measured by en-zyme-linked immunosorbent assay (ELISA) kit (Sibay-lated cells (Fig. 1A, left ) and the cultured cells 7 days after isolation ( Fig. 1A, right) , and DTZ staining of iso-agi; Gunma, Japan). lated cells ( Fig. 1B and C, left) and suspension cells 7 In Vivo Assessment of Endocrine Cell Function days after isolation ( Fig. 1B and C, right) . These results Approximately 1.0 × 10 7 cultured cells (on day 7)
showed that the β-cells maintained their function at least were transplanted under the renal capsule of diabetesfor 7-15 days after isolation. induced nude mice (n = 2) (3,6). Blood glucose levels of On the other hand, suspension cell number decreased transplantated mice were monitored regularly and IPgradually (5-10%) during the first week of culture (5.0 × GTT was performed on day 7 after transplantation. In 10 6 -1.0 × 10 8 cells) as shown in Figure 2A . Interestsome animals the kidney (with the endocrine cells) was ingly, the cell number was maintained without drastic removed on 7 days after transplantation and processed reduction during the second week of culture (data not for histological study (2) . The sections were stained with shown). From these results, approximately 1.0 × 10 7 hematoxylin and eosin (H&E). The immunostaining was pancreatic endocrine cells were available from one panperformed using anti-insulin antibodies (Biogenesis creas. Ltd., New England, UK).
Endocrine Cell Function Polyacrylamide Gel Electrophoresis and
To determine the in vitro function of cultured endo-Western Blotting crine cells, we measured the insulin concentration in the SDS-PAGE was performed by the method of Schägculture medium, glucose-stimulated insulin secretory reger and von Jagow (11) in 15% gels containing 0.1% sponse, and insulin content. Insulin was detected in the SDS using Tris-tricine buffer system. Gels were stained culture medium that maintained suspension cells; howwith silver stain reagents (Daiichi Pure Chemicals, ever, very little insulin was detected in the medium Tokyo, Japan).
when adhesion cells were cultured (Fig. 2B) . Moreover, Proteins resolved by SDS-PAGE were electrophoretithe existence of insulin (insulin content) in cultured suscally transferred to polyvinylidene difluoride (PVDF) pension cells was detected (data not shown). These remembranes (Clear Blot Membrane P, ATTO, Tokyo, Jasults suggested that the cultured suspension endocrine pan) by a semidry blotter using 25 mM Tris/192 mM cells produced insulin (and/or proinsulin) and released it glycine/40% (v/v) methanol. The procedures followed into the culture medium. were described by Hori et al. (4). Primary antibodies Next we performed Western blot analysis to confirm used were anti-insulin monoclonal antibody (moAb) the insulin biosynthesis by cultured cells and composi-(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), antition of cultured endocrine cells. Cultured cells (approxi-C-peptide moAb (Biogenesis Ltd., New Fields, UK), mately 5.0 × 10 6 cells) 7 days after isolation were lysed anti-glucagon polyclonal antibody (Biogenesis Ltd., New by 10% Triton X-100, and lysate was done on Tris-tric-Fields, UK), and anti-somatostatin moAb (Biogenesis ine SDS-PAGE, then electrophoretically transferred to Ltd., New Fields, UK). PVDF membrane and detected by anti-insulin, anti-Cpeptide, anti-somatostatin, and anti-glucagon antibodies.
RESULTS
Bands were detected for insulin, C-peptide, and gluca-Isolation and Culture of Endocrine Cells From gon, respectively (Fig. 2C ), suggesting that the cultured Porcine Pancreas suspension cells at least produce insulin and glucagon. We prepared pancreatic endocrine cell-rich fraction Transplantation of Cultured Endocrine Cells from the pancreas of 6-month-old pigs as described under Materials and Methods. The prepared cells were
To determine in vivo function of cultured endocrine cells, they were transplanted under the renal capsule of stained by trypan blue and dithizone (DTZ, which stains pancreatic β-cells selectively). In the case of trypan blue diabetes-induced nude mice (DM mice). Seven days after isolation, cultured suspension cells and adhesion staining, the yield of cell numbers was approximately 1.0 × 10 7 -1.0 × 10 9 cells. Some of the cells or cell clus-cells were transplanted as described in Materials and Methods. Figure 3A shows the change of blood glucose ters were stained by DTZ, which confirmed the existence of pancreatic β-cells in our preparation (Fig. 1) .
level after suspension cell transplantation. Although blood glucose level was not decreased in the adhesion We cultured the endocrine cells as described under Materials and Methods and isolated pancreatic endo-cell transplantation group, the suspension cell transplantation group revealed a significant decrease of blood crine cells as suspension cell. These suspension cells were stained with DTZ, even 15 days after isolation glucose level when compare with control group. These results suggest that transplanted endocrine cells are (data not shown), but the adhesion cells failed to take up DTZ staining. Figure 1 shows the morphology of iso-functioning in vivo. We also performed IPGTT on the transplantation (6). However, shortage of human donor islet tissue necessitates fulfilling the demand for the conduction of widespread transplant clinical trials in insulin-dependent diabetes mellitus patients by employing nonhuman tissues as a resource for donor islets (3). We have already reported the isolation method of adult porcine islet from pancreata of 2-year-old pigs (2, 3) .
In the present study, we developed the isolation and purification method for porcine pancreatic endocrine cells from 6-month-old pigs. We confirmed the isolated endocrine cell function in vitro and in vivo for a relatively longer culture period.
We obtained approximately 1.0 × 10 7 -1.0 × 10 9 isolated pancreatic cells from one pancreas of a 6-monthold pig. Although the suspension cells number decreased 5-10% during the first week of culture (until 7 days after isolation), on and after 7 days these cells were maintained without drastic reduction in cell number. Moreover, DTZ-stained cells were detected on 7 ( Fig.  1B and C, right) and 14 days after culture, suggesting that approximately 1.0 × 10 7 cells were maintained as suspension cells and were appreciable for functional pancreatic endocrine cells (β-cells). In fact, the cultured suspension cells (7 days after isolation) were releasing insulin into their cultured media, whereas the cultured adhesion cells were decreasing their insulin-releasing function ( Fig. 2B and C) . In the glucose-stimulated insu- From in vivo characterization studies, blood glucose level was reduced in endocrine cell transplanted DM mice (Fig. 3A) . Moreover, the improvement of glucose suspension cell transplanted DM mice 7 days after transtolerance was observed by IPGTT on DM mice 7 days plantation. Suspension cell transplanted DM mice reafter endocrine cell transplantation (Fig. 3B) . These revealed improvement in the glucose tolerance test (Fig. sults agree with in vitro endocrine cell function detected 3B), confirming the transplanted endocrine cell function in this study and suggest the applicability of these cells in vivo.
for transplantation source as an alternative to islet tissue. Seven days after transplantation, we removed the en-
The cultured adhesion cells did not reveal endocrine docrine cell transplanted kidney from DM mice and cell function; however, a slight decrease of blood glufound an increase of blood glucose level thereafter. The cose level in DM mice was detected when they were kidney was sectioned for histological study. Figure 4 transplanted under the renal capsule (data not shown). shows the result of H&E staining and immunostaining Although the reason is not clear at this time, we think of transplanted endocrine cells under the kidney capsule.
that the adhesion cells are suited for in vivo environment These results suggest that the transplanted endocrine at the transplantation site. Extracellular matrix is known cells were surviving and functioning effectively in nude to be one of the major components in vivo. We also mice (DM mice).
investigated the interaction between islet tissue and extracellular matrix, and suggested the modification on the DISCUSSION endocrine cell function of islet tissue (8). We believe that some kind(s) of extracellular matrix influence the Islet transplantation has been thought to be applicable therapeutic treatment as an alternative to whole pancreas function of transplanted islets and/or endocrine cells. 
